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Front loading is a strategy used to optimize the pharmacodynamic profile of an antibiotic through the administration of high
doses early in therapy for a short duration. Our aims were to evaluate the impact of front loading of linezolid regimens on bacte-
rial killing and suppression of resistance and on RNAIII, the effector molecule of the accessory gene regulator system (encoded
by agr) in methicillin-resistant Staphylococcus aureus (MRSA). Time-killing experiments over 48 h were utilized for linezolid
against four strains of MRSA: USA100, USA300, USA400, and ATCC 29213. A hollow-fiber infection model simulated traditional
and front-loaded human therapeutic regimens of linezolid versus USA300 at 106 CFU/ml over 240 h. Over 48 h in time-kill ex-
periments, linezolid displayed bacteriostatic activity, with reductions of >1 log10 CFU/ml for all strains. Front-loaded regimens
that were administered over 5 days, 1,200 mg every 12 h (q12h) (total, 10 doses) and 2,400 mg q12h (total, 10 doses) followed by
300 mg q12h thereafter, resulted in sustained bactericidal activity, with reductions of the area under the CFU curve of �6.15
and �6.03, respectively, reaching undetectable limits at the 10-day study endpoint. All regimens displayed a reduction in RNAIII
relative expression at 24 h and 240 h compared with that of the growth control. Monte Carlo simulations predicted a <1.27�
increase in the fractional decreases in platelets for all front-loaded regimens versus the 600 mg q12h regimen, except for the
highest-dose front-loaded regimen. Front-loading strategies for linezolid are promising and may be of utility in severe MRSA
infections, where early aggressive therapy is necessary.

Staphylococcus aureus is a primary human pathogen which can
cause a plethora of infections ranging from asymptomatic na-

sal carriage to rapidly lethal, severe necrotizing pneumonia. It has
been suggested that one strain in particular, USA300, which is the
predominant clone in the United States responsible for the major-
ity of infections by community-associated methicillin-resistant S.
aureus (CA-MRSA), possesses exceptional virulence characteris-
tics (8, 15, 18). In USA300, recent investigations suggest that
virulence in CA-MRSA is largely mediated by genome-encoded
virulence factors, including phenol-soluble modulins and alpha-
toxins, which are largely mediated by the two-component regula-
tor, accessory gene regulator (encoded by agr), which modulates
extracellular and cell wall-mediated virulence factors in S. aureus
(9, 31, 32).

To combat the exceptional virulence of S. aureus, efforts have
been directed, largely unsuccessfully, toward conventional vac-
cine development (1). Although there has been a renewed interest
in identifying putative S. aureus vaccine antigens using newer ap-
proaches, such as those that directly impact alpha-toxin, the clin-
ical application of such a strategy is many years away (17). There-
fore, some experts have recommended the use of traditional
antibiotics, such as protein synthesis inhibitors, which have
shown the potential benefit in earlier studies of reducing expres-
sion of alpha-hemolysin, Panton-Valentine leukocidin (PVL)
toxin, and toxic shock syndrome 1 (26, 27). However, current
clinical guidelines do not routinely recommend the use of protein
synthesis inhibitors as adjunctive therapy for the management of
invasive MRSA disease. In fact, a recent study suggests that subin-

hibitory concentrations of antibiotics may actually increase agr
expression and phenol-soluble modulin (PSM) production (7).
Collectively, this suggests that the role of protein synthesis inhib-
itors in suppressing the toxigenic profile of MRSA infections has
not been fully elucidated. Furthermore, the effect of increasing the
exposure of protein synthesis inhibitors on bacterial burden and
impact on virulence has not been defined.

Front loading is a strategy to optimize the pharmacodynamic
profile of an antibiotic through the administration of high doses
early in therapy, for a short duration, to achieve maximal bacteri-
cidal activity and suppress growth of less-susceptible populations.
Linezolid is an oxazolidinone antibiotic that has been utilized in
clinical practice for more than a decade at a dose of 600 mg every
12 h (q12h). It exerts its action by preventing the formation of the
70S ribosomal complex in bacteria, inhibiting protein synthesis.
Linezolid doses (up to 1,250 mg/day) were well tolerated in early
open-label, uncontrolled, phase II dose-finding trials, with no ev-
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idence of a dose-response relationship for adverse events in adults
receiving �1 g versus 1 to 1.25 g of linezolid for 7 to 14 days (23).
We hypothesized that front loading of linezolid may have poten-
tial utility to rapidly reduce bacterial burden, suppress resistance,
and alter agr expression in vitro. The effect of administering lin-
ezolid in this fashion has not been examined. The objective of this
study was to utilize an in vitro hollow-fiber model to evaluate the
impact of front-loaded linezolid regimens on bacterial killing and
resistance and on RNAIII, the effector molecule of the agr quo-
rum-sensing system, to gain insight into linezolid’s role in invasive
MRSA disease.(This work was presented in part at the 48th An-
nual Meeting of the Infectious Diseases Society of America, Van-
couver, Canada, October 2010.)

MATERIALS AND METHODS
Bacterial isolates. The following strains of MRSA were evaluated: pulsed-
field gel electrophoresis (PFGE) types of USA100, USA300, and USA400,
obtained from the Network on Antimicrobial Resistance in S. aureus
(NARSA), and ATCC 29213 (methicillin-susceptible S. aureus [MSSA]).
MICs to linezolid for all strains were 2.0 mg/liter as determined by broth
microdilution in quadruplicate according to Clinical Laboratory and
Standards Institute (CLSI) standards. All 4 strains were evaluated in time-
killing experiments, while USA300 was selected as a representative strain,
as the most common strain in the United States, to be studied using the
hollow-fiber infection model and RNAIII expression.

Antibiotic, susceptibility testing and medium. Linezolid analytical-
grade powder was obtained from PGRD, Pfizer, Groton, CT. Stock solu-
tions were freshly prepared at the beginning of each experiment. MIC
values were determined by broth microdilution in Mueller-Hinton broth
(Difco Laboratories, Detroit, MI) supplemented with calcium (25 mg/
liter) and magnesium (12.5 mg/liter) (SMHB) according to CLSI guide-
lines. Brain heart infusion (BHI) broth (Difco, Detroit, MI) and tryptic
soy agar (TSA) with 5% sheep blood were used for all time-kill experi-
ments and hollow-fiber experiments.

Time-kill experiments. To first evaluate the full concentration-effect
relationship and select human linezolid regimens to be studied in the in
vitro hollow-fiber model, time-kill experiments were performed as previ-
ously described against a starting inoculum of 106 CFU/ml over 48 h (30).
In brief, for bacterial inoculum preparation, fresh bacterial colonies from
overnight growth were added to BHI broth standard to provide a bacterial
suspension, which was diluted with BHI broth to achieve a starting inoc-
ulum of approximately 106 CFU/ml. Quantitative cultures were deter-
mined on TSA plates with 5% sheep blood. The theoretical limit of detec-
tion was 102 CFU/ml. Time-kill experiments were conducted at
concentrations of 0, 0.5, 1, 2, 4, 8, 16, 32, 64, 128, and 256 mg/liter to
characterize linezolid pharmacodynamics against each strain. Bactericidal
activity (99.9% kill) was defined as a �3-log10-CFU/ml reduction in col-
ony count from the initial inoculum. Bacteriostatic activity was defined as
a �3-log10-CFU/ml reduction in colony count from the initial inoculum.

HFIM. A hollow-fiber infection model (HFIM), adapted from the
method of Louie et al. (19) was used to evaluate the effect of selected
linezolid dosing regimens on the change in bacterial burden and suppres-
sion of resistance of MRSA USA300 over 240 h. A cellulosic cartridge
(C3008; FiberCell Systems Inc., Frederick, MD) was utilized for all exper-
iments. The volume of the central reservoir was 100 ml, and the extraca-
pillary space in the cartridge was 13 ml. The determination of bacterial
counts for each experiment was performed by obtaining samples at 0, 24,
48, 72, 96, 144, 192, and 240 h. Samples (0.5 ml) were diluted in 0.9%
sodium chloride, and total bacterial counts were determined by plating
20-�l aliquots of each diluted sample in quintuplicate on drug-free agar in
order to enumerate the total population. Plates containing the bacteria
were incubated at 37°C for 24 h, after which the bacterial colonies were
counted and the CFU/ml were determined. Antimicrobial carryover from
the model was taken into account by centrifuging the bacterial samples for

at 5,000 � g for 5 min and reconstituting the centrifuged samples to their
original volumes with sterile normal saline. Using samples obtained every
24 h for the quantification of the total population, 20-�l aliquots of the
diluted sample were plated in quintuplicate on BHI plates containing
linezolid at 4, 8, and 16 times the MIC in order to quantify the resistant
subpopulation(s). The plates were incubated at 37°C for approximately 48
h, the bacterial colonies were counted, and the CFU/ml were determined.

Simulated linezolid regimens. The following linezolid regimens were
administered using an apparent half-life of 4.8 h and a protein binding
level of 31%: (i) traditional regimen, 600 mg every 12 h (maximum con-
centration of free, unbound fraction of drug in serum [fCmax], 10.4 mg/
liter; area under the concentration-time curve from 0 to 24 h for the free,
unbound fraction of drug [fAUC0-24], 124); front-loaded regimens, (ii)
1,200 mg every 12 h (total, 2 doses) on days 0 to 1 (fCmax, 20.8; fAUC0-24,
248), followed by 600 mg every 12 h (total, 18 doses) on days 1 to 10
(fCmax, 10.4; fAUC0-24, 124); (iii) 2,400 mg every 12 h (total, 2 doses) on
days 0 to 1 (fCmax, 41.6; fAUC0-24, 495), followed by 600 mg every 12 h
(total, 18 doses) on days 1 to 10 (fCmax, 10.4; fAUC0-24, 124); (iv) 1,200 mg
every 12 h (total, 10 doses) on days 0 to 5 (fCmax, 20.8; fAUC0-24, 248),
followed by 300 mg every 12 h (total, 10 doses) on days 5 to 10 (fCmax, 5.2;
fAUC0-24, 62); and (v) 2,400 mg (total, 10 doses) on days 0 to 5 (fCmax,
41.6; fAUC0-24, 495), followed by 300 mg every 12 h (total, 10 doses) on
days 5 to 10 (fCmax, 5.2; fAUC0-24, 62).

RNA extraction and quantitative real-time PCR. Cells were collected
at 0, 24, and 240 h from the hollow-fiber infection model for MRSA
USA300 before and after exposure of the traditional and front-loaded
regimens. The samples were centrifuged at 14,000 rpm for 5 min at room
temperature. The supernatant was aspirated, and the pellet was immedi-
ately frozen at �80°C until RNA isolation. Total RNA was isolated from
the pellet (SV total RNA isolation system; Promega, Madison WI) follow-
ing the manufacturer’s protocol for Gram-positive bacteria. From the
total RNA pool, mRNA was purified (MICROBExpress; Ambion, Austin
TX). Reverse transcription (RT) of the mRNA (315 ng) was carried out
using random hexamer primers and the AccuScript high-fidelity RT-PCR
system (Stratagene, La Jolla CA).

RNAIII gene expression was assessed by quantitative real-time PCR
using 1.5 mM MgCl2, 0.2 mM (each) deoxynucleoside triphosphates
(dNTPs), 0.5 mM (each) primers (RNA III 1, 5=-GAATTTGTTCACTGT
GTCGATAATCCATTT-3=; RNA III 2, 5=-GAAGGAGTGATTTCAATG
GCACAAGATAT-3=); 0.025 U Taq, 0.5 �l (each) SYBR green (1/750 di-
lution) and ROX (1/500 dilution), and PCR buffer. The final volume of
the reaction mix was 40 �l, containing 4 �l of the target sample, which was
amplified on the Stratagene MX3000P real-time PCR instrument. The
thermocycle contained an initial incubation at 95°C for 8 min, followed by
40 cycles of 94°C for 30 s, 58°C for 45 s, and 72°C for 30 s. This PCR cycle
was followed by a dissociation curve analysis to confirm the presence of a
single PCR product. gyrB gene expression was determined for normaliza-
tion of the gene expression data. The PCR for gyrB was made to a final
volume of 40 �l using 3 mM MgCl2, 0.2 mM (each) dNTPs, 0.5 mM
(each) primers (forward, 5=-TTAGTGTGGGAAATTGTCGATAAT-3=;
reverse, 5=-AGTCTTGTGACAATGCGTTTACA-3=); 0.025 U Taq, 0.5
�l(each) SYBR green (1/750 dilution) and ROX (1/500 dilution), and
PCR buffer. The thermocycle started with an initial incubation at 95°C for
4 min, followed by 40 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 1
min. The PCR cycle was once again followed by a dissociation curve as
described above. A PCR product of the expected length for RNAIII (53
bp) was cloned into a plasmid vector (pCR2.1-TOPO) using the Topota
cloning kit (Invitrogen Corp., Carlsbad CA). The cloned PCR product was
additionally used to build a standard curve of known concentrations for
absolute quantification of RNAIII gene expression levels.

Pharmacokinetic and pharmacokinetic/pharmacodynamic (PK/
PD) analysis. Samples from the central reservoir from the hollow-fiber
infection model were stored at �80°C until they were assayed for concen-
trations of linezolid determined using a validated high-performance liq-
uid chromatography (HPLC) assay (12). In brief, samples were measured
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using a system consisting of a ThermoFinnegan P4000 HPLC pump (San
Jose, CA) with a model AS1000 fixed-volume autosampler, a model
UV2000 UV detector, a Gateway series e computer (Poway, CA), and the
Chromquest HPLC data management system. The plasma standard curve
for linezolid ranged from 0.5 to 30 �g/ml. The within-sample precision
(percent coefficient of variation [CV%]) of validation in a single standard
concentration was 0.69%, and the overall validation precision across all
standards was 1.04 to 4.39%. The measured drug concentrations were
within 10% of the targeted values.

For PK/PD analyses, an integrated area measure (log ratio area) was
applied to all CFU data to quantify the drug effect as shown in equation 1,
as previously described (30).

Log ratio area � log10� AUC CFUdrug

AUC CFUgrowth control
� (1)

where AUC CFUdrug or AUC CFUgrowth control is the area under the CFU
curve for the drug regimen or the growth control, respectively.

Using nonlinear regression, a four-parameter concentration-effect
Hill-type model was fit to the effect parameter using the software program

Systat (version 11; Systat Software, Richmond, VA) using equation 2, as
previously described (30):

E � E0 �
Emax � �fAUC ⁄ MIC�H

�EC50�H � �fAUC ⁄ MIC�H (2)

where E is effect, E0 is the effect measured at a drug concentration of zero,
Emax is the maximal effect, fAUC/MIC is the free drug AUC-to-MIC ratio,
H is the Hill or sigmoidicity constant, is and EC50 is the fAUC/MIC ratio
for which there is 50% maximal effect.

For population pharmacodynamic analysis, candidate models were fit
to all CFU-versus-time data simultaneously using the MC-PEM algo-
rithm in the parallelized S-ADAPT software program (version 1.57) and
the SADAPT-TRAN interface (3, 4). A log-normal likelihood was as-
sumed for all parameter values. The candidate structural PD models in-
cluded a life cycle model to describe bacterial growth, as described earlier
(5). Three subpopulations, differing in susceptibilities to drug, were con-
sidered. Drug effects were modeled as inhibition of successful replication
and slowing of the growth of MRSA.

FIG 1 Time-kill experiments for linezolid versus ATCC 29213 (A), MRSA USA100 (B), MRSA USA300 (C), or MRSA USA400 (D). MICs to linezolid for all
strains were 2.0 mg/liter.

Tsuji et al.

3714 aac.asm.org Antimicrobial Agents and Chemotherapy

http://aac.asm.org


Monte Carlo simulations. A series of 10,000 subject Monte Carlo
simulations (MCS) were performed in order to provide clinical context to
the simulated regimens that were studied in the HFIM using Systat (ver-
sion 13; Systat Software, Richmond, VA). Simulations were based on the
population model from a large, previously published population pharma-
cokinetic analyses of 318 adult patients, all of whom received 600 mg of
linezolid every 12 h (20). A protein binding level of 31% was utilized to

calculate the free-drug AUC from the total AUC. The resulting fAUCs
were expressed as a log normal distribution. Since the original data were
“fat tailed,” in order to conduct an MCS that closely related to the original
patient population, the means and variances of the population model
were utilized and the upper and lower tails at the minimum and maxi-
mum as seen in the original data were truncated (20).

To evaluate the toxicodynamics of linezolid regimens, the population

FIG 2 Hollow-fiber infection model experiments simulating linezolid traditional regimen (A) and front-loaded regimens (B to E) versus MRSA USA300. (A)
Traditional regimen: 600 mg every 12 h. (B) Front-loaded regimen: 1,200 mg every 12 h (total, 2 doses) on days 0 to 1 followed by 600 mg every 12 h (total, 18
doses) on days 1 to 10. (C) Regimen of 2,400 mg every 12 h (total, 2 doses) on days 0 to 1 followed by 600 mg every 12 h (total, 18 doses) on days 1 to 10. (D)
regimen of 1,200 mg every 12 h (total, 10 doses) on days 0 to 5 followed by 300 mg every 12 h (total, 10 doses) on days 5 to 1. (E) Front-loaded regimen: 2,400
mg (total, 10 doses) on days 0 to 5 followed by 300 mg every 12 h (total, 10 doses) on days 5 to 10.
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pharmacokinetic/toxicodynamic model from Sasaki et al. (25) was uti-
lized to simulate the full time course of linezolid concentrations and of
platelet counts following various linezolid dosage regimens using the soft-
ware program Berkeley Madonna (version 8.3.18). Simulations were per-
formed for 70-kg patients with a creatinine clearance of 80 ml/min. Pa-
tients with low creatinine clearance will need dose adjustment to achieve
the same AUC of linezolid. Since the baseline platelet counts are consid-
ered in clinical practice for linezolid therapy, we expressed the simulation
results as a decline of platelet counts to a fraction of the platelet baseline.

RESULTS
Impact of linezolid front-loaded regimens on the total and re-
sistant bacterial populations. Linezolid time-kill experiments
were first conducted to characterize the pharmacodynamic profile
of linezolid against four strains of S. aureus to select potential
regimens to be evaluated in the HFIM. Linezolid displayed bacte-
riostatic activity with �1 log10 CFU/ml reduction for all strains at
48 h compared to the baseline (Fig. 1). A concentration-depen-
dent response at lower concentrations with a plateau of effect at
higher concentrations of �8 mg/liter against all strains was evi-
dent. Interestingly, bacterial reduction was the greatest against
MRSA USA100, the hospital-associated MRSA PFGE subtype, ap-
proaching 3 log10 CFU/ml at 24 h at linezolid concentrations of
�8 mg/liter.

Humanized traditional and front-loaded regimens of linezolid
were subsequently evaluated against MRSA USA300 using a hol-
low-fiber infection model (Fig. 2). The traditional regimen of lin-
ezolid at 600 mg q12h demonstrated a gradual reduction in bac-
terial counts over the study duration. The maximal reduction in
area under the CFU curve compared with results for the growth
control was �4.03. There were modest improvements in bacterial
killing for short-duration front-loaded regimens of 1,200 mg and
2,400 mg q12h (total, 2 doses) followed by 600 mg q12h with
area-under-the-CFU-curve reductions compared with results for
the growth control of �5.43 and �5.42, respectively. Interest-
ingly, front-loaded regimens that were administered over a 5-day
extended duration, 1,200 mg and 2,400 mg q12h (total, 10 doses),
followed by 300 mg q12h thereafter, resulted in the greatest reduc-
tion in bacterial counts. The reductions in area under the CFU
curve compared with data for the growth control were �6.15
and �6.03, respectively. Specifically, at the end of the 10-day end-
point, these extended-duration front-loaded regimens resulted in
bacterial counts approaching nondetectable limits, with the regi-
men of 2,400 mg q12h (total, 10 doses) resulting in complete
eradication of MRSA. All regimens suppressed the amplification
of resistant subpopulations.

Alterations in RNAIII secondary to linezolid exposure. Dif-
ferences between front-loaded and traditional regimens were
compared for the relative expression of RNAIII, the primary tran-
script of agr (Fig. 3). There was a temporal relationship, with pro-
gressive decreased expression of RNAIII expression at 24 h and
240 h compared with that at 0 h in the presence of linezolid regi-
mens. Although there were significant differences between the li-
nezolid 600-mg, front-loaded 1,200-mg q12h and front-loaded
2,400-mg q12h regimens compared with results for the growth
control, there were no significant differences between regimens.
Increasing linezolid exposure from 600 mg to 1,200 mg or 2,400
mg q12h did not result in an additional benefit with regard to
decreases in RNAIII expression at the early and later time points
which were selected for analysis.

PK/PD analyses. Model fits based on the killing curves were

excellent, and the mechanism-based model was utilized to provide
insight into the selection of regimens for the hollow-fiber infec-
tion model. A population-based mathematical model with two
subpopulations that incorporated the drug effect by an inhibition
of growth best described the CFU-versus-time profiles described
in the time-kill experiment data, as shown in Fig. 4. The candidate
structural PD models included a life cycle model to describe bac-
terial growth (13). Drug effects were modeled as inhibition of
successful replication and slowing of the growth of MRSA. For
front-loaded regimens from the hollow-fiber infection model,
analysis of pharmacodynamics revealed acceptable model fits
(r2 � 0.88) of the data to the Hill-type mathematical model, al-
though the log ratio area dose-response relationship was not
evenly distributed. Linezolid killing occurred in an exposure-de-
pendent manner against MRSA USA300 (Fig. 5).

Monte Carlo simulations. Results from the Monte Carlo sim-
ulation are shown in Fig. 6. The 24-h fAUCs resultant from a
600-mg q12h dose from the original population pharmacokinetic
study ranged from 39.2 to 601, with a median of 130. The
1,200-mg q12h (24-h fAUC of 248) and 2,400-mg q12h (24-h
fAUC of 495) regimens simulated in the HFIM were toward the
upper end of this range and represented the percentiles 86.7 and
99.4.

For toxicodynamic analyses, the median (5th to 95th percen-
tiles) of the fractional decline in platelet counts for each dose were
as follows: 22% (2 to 57%) for 600 mg q12h for 10 days, 25% (2 to
58%) for 1,200 mg q12h for 1 day followed by 600 mg q12h for 9
days, 28% (2 to 69%) for 2,400 mg q12h for 1 day followed by 600
mg q12h for 9 days; 28% (4 to 72%) for 1,200 mg q12h for 5 days
followed by 300 mg q12h for 5 days; and 49% (4 to 92%) for 2,400
mg q12h for 5 days followed by 300 mg q12h for 5 days.

DISCUSSION

MRSA continues to be a highly adaptable pathogen capable of
exceptional virulence. The treatment of MRSA also continues to
pose challenges for clinicians, with reports of failure and hetero-

FIG 3 Relative expression of RNAIII, the primary transcript of the agr quorum-
sensing system, in response to front-loaded and traditional dosing regimens of
linezolid.
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geneous resistance patterns with first-line agents such as vanco-
mycin (29). In particular, the rapid dissemination of USA300 in
the community and hospital settings highlights the need to eval-
uate alternative strategies that combat highly virulent strains of
MRSA (6, 28). Simulating human concentration-time profiles of
linezolid of increasing dose intensities in the in vitro hollow-fiber
system, we determined that the killing profiles of short-duration,
1-day, front-loaded linezolid regimens (1,200 mg or 2,400 mg
q12h on the first day) followed by 600 mg q12h demonstrated
killing profiles similar to those of the traditional regimens. There
were no differences in resistance, since both short-duration,
front-loaded regimens and a traditional regimen completely sup-
pressed resistant subpopulations over the 10-day study. However,
when front-loaded regimens were administered for an extended
duration over 5 days (1,200 mg or 2,400 mg q12h for 5 days),
followed by a regimen of decreased intensity (300 mg q12h), these
regimens resulted in bactericidal activity by 96 h. Remarkably, the
highest dose studied (2,400 mg q12h over 5 days) resulted in com-
plete eradication of MRSA, although linezolid is largely consid-
ered to be a bacteriostatic agent. The 5-day front-loaded regimens

resulted in greater killing compared to the 1-day front-loaded reg-
imens over the first 24 h, although the exposure profiles were
identical during that period, which may be due to the slightly
lower inoculum (approximately 0.4 log10 CFU/ml lower) in the
5-day regimens and random variability. Overall, these findings
suggest that there is a potential benefit of increasing doses of lin-
ezolid over an extended duration from a pharmacodynamic
standpoint of killing, although no differences were evident from a
resistance perspective.

Linezolid has shown significant pharmacokinetic variability as
it relates to the exposure profiles that are resultant from a 600-mg
q12h dose. From a population pharmacokinetic analysis with 318
adult patients treated in linezolid compassionate-use trials (20),
who all received a dose of 600 mg of linezolid every 12 h, the
derived 24-h AUC ranged between 57 and 871. In this study, it was
clear that linezolid exhibited Michaelis-Menten or parallel first-
order plus Michaelis-Menten pharmacokinetics. Although the
simulated regimens utilized in the HFIM were indeed within the
range of fAUC profiles obtained with a-600 mg dose in the popu-
lation pharmacokinetic study (the 2,400-mg q12h dose was at the

FIG 4 (A) Mechanism-based based pharmacodynamic mathematical modeling. The final model contained two subpopulations with different susceptibilities.
(B) Observed versus population-predicted plot for all time-kill experiments for linezolid versus ATCC 29213, MRSA USA100, USA300, and USA400.

FIG 5 Dose-response relationship for all linezolid regimens. The y axis in panel A represents the log ratio area-under-the-curve approach as a measure of
response, while panel B represents the point estimates comparing the bacterial reductions at 240 h to levels at 0 h. The x axis represents the derived mean 24-h
fAUC, which was averaged over the 240 h. “R2” represents the coefficient of determination and values of model-fitted parameter estimates from equation 2.

Front-Loading Linezolid versus MRSA

July 2012 Volume 56 Number 7 aac.asm.org 3717

http://aac.asm.org


upper end at percentile 99.3), they did not account for linezolid’s
Michaelis-Menten pharmacokinetic profile, since linear increases
in fAUC were utilized. In particular, in patients with reduced renal
function, increased linezolid concentrations in plasma caused sat-
uration of the Michaelis-Menten pathway and a further decrease
in the nonrenal clearance (20). Therefore, if these doses are con-
sidered clinically, the resulting exposure profiles in humans after
administration of high-dose linezolid (2,400 mg q12h) may result
in fAUCs that are in fact higher than those that were simulated in
the in vitro model. As long as such high AUCs are achieved only for
a short duration, the expected platelet toxicity was predicted to be
tolerable in patients with normal baseline platelet counts, since the
model by Sasaki et al. (25) assumed that linezolid inhibits the
production of platelets and does not directly kill platelets. Further-
more, the highest dose of linezolid that has been studied in hu-
mans was 750 mg q8h for 5 days in 2 healthy volunteers. Regimens
including 625 mg every 8 h and 750 mg q8h described above were
discontinued from future study since they resulted in aspartate
transaminase (AST) and alanine aminotransferase (ALT) in-
creases and in decreases in red blood cells (Pfizer data on file).
Therefore, these results should be taken in context as it relates to
the lack of safety data that exist at these high exposures.

Linezolid is indicated for infections for up to a 2-week course
of therapy due to S. aureus, including nosocomial and community-
acquired pneumonia and skin structure infections, both compli-
cated and uncomplicated. It has been documented that the
thrombocytopenia due to linezolid is dependent on a duration of
therapy greater than 2 weeks: other hematologic toxicities have
also been documented, including anemia and neutropenia, which
appear to be duration dependent and reversible (10, 11, 23).
Therefore, strategies that have been directed toward decreasing
cumulative exposure while not compromising efficacy may hold
promise, since AUC is the driver of toxicity. For example, reduc-
tion of linezolid from 600 mg q12h to 300 mg improved the oc-
currence of thrombocytopenia and neutropenia (2). In our in

vitro studies, early high-dose therapy up to 5 days (up to 2,400 mg
q12h), followed by reduced doses (300 mg q12h), was beneficial in
reducing bacterial counts, achieving bactericidal activity and
complete eradication at the 10-day endpoint.

The Monte Carlo simulations based on the model by Sasaki et
al. (25) highlighted the time and concentration dependence of
platelet-related toxicity of linezolid. All front-loaded regimens
(except for the highest-dose regimen) resulted in slightly higher
predicted toxicity than the traditional regimen of 600 mg q12h:
fractional decreases in platelets for front-loaded regimens were up
to a median of 28%, versus 22% for the traditional regimen. In
particular, the highest studied doses, of 2,400 mg linezolid q12h
for 10 doses followed by 300 mg linezolid q12h for 5 days, resulted
in a 49% predicted fractional decline of platelets. The model by
Sasaki et al. (25) assumes that linezolid inhibits platelet synthesis
and that maturation of platelets takes several days. Therefore, reg-
imens with only a short duration of high-dose linezolid therapy
(i.e., 2,400 mg q12h administered for 1 day) were predicted to
result in smaller increases in platelet suppression, since synthesis is
inhibited for only a short time. Overall, this suggested that front-
loaded dosage regimens given for a short duration may be feasible
in patients with a normal baseline platelet count and normal renal
function. Alternatively, high-dose front-loaded regimens admin-
istered for a longer duration (i.e., 2,400 mg q12h administered for
5 days) resulted in a predicted platelet toxicity dramatically higher
(median decline of platelets, 49%) than that with traditional reg-
imens (median decline, 22%). Therefore, although these higher-
dose regimens are microbiologically promising, resulting in dra-
matic bactericidal activity, they should not be considered in
clinical practice.

The use of protein synthesis inhibitors, such as linezolid, has
been shown to suppress staphylococcal toxins (27). Although lin-
ezolid is not recommended by clinical guidelines as adjunctive
therapy for invasive MRSA disease, some experts consider the ad-
ministration of linezolid or clindamycin in severe disease, such as
necrotizing pneumonia (16). Linezolid acts on the elongation
complex of the 30S and 50S ribosomal subunits, which inhibits the
growth of MRSA. The agr locus has been the central regulator of
key virulence determinants in community-associated MRSA
strain USA300 (9, 21, 24). Expression of phenol-soluble modulins
(PSM� and PSM�) and alpha-hemolysin are under direct control
of the agr quorum-sensing system (22). Therefore, to evaluate the
impact of linezolid on virulence, we measured transcript levels of
RNAIII, the effector molecule of the agr system. Earlier reports by
Stevens et al. (27) and Herbert et al. (14) determined that subin-
hibitory concentrations of protein synthesis inhibitors, such as
clindamycin, inhibit alpha-toxin, PVL, and toxic shock syndrome
toxin (TSST). These data were contradicted by the work of Joo et
al. (15a), who determined that subinhibitory concentrations of
clindamycin significantly increased the expression of agr and
PSMs in USA300. To our knowledge, the results of the current
study are the first to demonstrate that clinically achievable con-
centrations of linezolid have a significant impact on the suppres-
sion of agr activity. This represents an important finding, since
they support the role of linezolid in invasive severe toxin-medi-
ated disease due to MRSA, although no differences among in-
creasing exposure profiles were determined.

The present study had potential limitations. First, although we
utilized three PFGE subtypes of MRSA to capture the most com-
mon U.S. types, additional geographically diverse clinical isolates

FIG 6 Monte Carlo simulations displaying the distribution of fAUCs based on
previously published population pharmacokinetic analysis from the linezolid
compassionate-use trials (20). All patients in the previously published study
received 600 mg q12h. A protein binding level of 31% was utilized to calculate
the 24-h free-drug AUC from the total AUC in the population PK study. The
simulated doses studied in the in vitro hollow-fiber model are within this
distribution and are overlaid as symbols.
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are needed in future studies. Although USA300 is the single most
predominant clone in the United States, the benefits of linezolid
front loading on agr expression and bacterial killing should not be
generalized to other strains. Second, simulated doses in the hol-
low-fiber model were based on linear increases in fAUC and fCmax,
which may underestimate the exposure profile in humans due to
linezolid’s Michaelis-Menten pharmacokinetics. However, this is
unlikely to affect the bacterial killing profiles at the reported fAUC
for linezolid. Third, studies using animal models, such as pneu-
monia, are needed to provide additional data to assess the impact
of front loading on bacterial killing and agr in vivo, since numer-
ous host defense mechanisms and the interaction with the host
were not taken into account in our in vitro hollow-fiber system.
Finally, there have been no human studies evaluating linezolid at
such high exposure levels, since such caution is warranted. While
the present study presents promising results for the bactericidal
activity of front-loaded linezolid regimens, further in vivo studies
are necessary to strengthen the translation of these in vitro findings
to humans before these results are applied to clinical practice to
guide selection of optimal antibiotic therapy against MRSA.
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